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■ High Level Trigger (HLT) 
compute farm is final stage of 
CMS data acquisition, was 
completed just in time

■ LLNL took lead on aspects of 
HLT completion:
◆ Analysis of HLT performance: 

Uncovered critical timing issues 
resolved with detector experts

◆ Developed configuration 
database: Required to track 
trigger changes while running 
(beam, detector, physics goals), 
essential for physics analysis

■ Relocated 2 postdocs to CERN 
(Jonathan Hollar and Bryan 
Dahmes)

Getting CMS ready for first physics was a challenge
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LLNL helped make CMS trigger a success 
(funded by LLNL)

40 TB/s
(40 MHz)

100 MB/s
(300 Hz)

Large 
switching 
network 
(~Tbit/s) HLT = 4000 CPU farm



Keeping up with the data processing is difficult
■ David Lange appointed CMS Level 2 manager of software development 

tools + reconstruction group (capabilities developed for BABAR)
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LLNL leadership of CMS reconstruction software a success 
(funded first by LLNL and later CMS project)
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Millions of lines of code, 
200+ active developers

Solved particularly dramatic 
memory usage problem.

■ LLNL received OHEP Supplemental funds for multi-core computing R&D 
to keep up with LHC luminosity
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Backgrounds easily obscure new physics signals

◆ Protons remain intact
◆ No underlying event! Clear signature in CMS.
◆ Theoretically clean QED process. 
◆ Cross sections are fb-pb.
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Higgs diagramsmuon pair diagram
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Proposed work: First run, analyze 

SM dileptons for luminosity

• Photon-photon production of leptons is a theoretically clean 
luminosity measurement

– Dimuons / fb-1: 2.9K exclusive - 29K inclusive at HLT

– CDF used calorimeter veto for identification

– New algorithms needed to handle pileup at LHC

• Direct analog of smuon production and same final state

• Dilepton analysis can dead reckon smuon search reach
– Measure production rate

– Measure forward tag efficiency

– Benchmark general SM dimuon backgrounds

• Publish in Phys Rev, Standard Model dimuon analysis, 
slepton trigger design

SUSY diagram SM dimuon diagram

SM dimuon signal

General dimuon background

Leverages LLNL expertise from γγ  collider physics

■ LLNL pursuing innovative discovery channels via virtual gg 
production (fundamentally new way to reject background)



Forward detectors
420m 240m

Proposed forward detectors enhance CMS physics reach
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■ Extra information by detecting 
scattered forward protons:
◆ Interaction vertex point
◆ Mass of the produced particle
◆ Boost of the produced particles

■ Enables SUSY, Higgs, QCD physics 
otherwise unattainable with CMS

CMS upgrade: small detectors have a big impact on physics

AFP: Proposes to use double proton tagging in conjunction 
with the ATLAS detector as a means to measure properties of 

Higgs (quantum numbers+mass)  and other new physics 

ATLAS Forward Protons (AFP) 

Central Exclusive Production (QCD) Central Exclusive Production (QED) 

NEW 

3 CEP: Momentum lost by protons goes entirely into mass of central system 
Central Exclusive 
Production (QCD)

Central Exclusive 
Production (QED)

240m 420m
Forward detectors

CMS



Slepton discovery possible with forward detectors

■ Current CMS can not detect 
sleptons directly

■ LLNL di-smuon analysis
◆ Signal: isolated dimuon with 

two proton tags
◆ Backgrounds separated via 

kinematics
pμμp, pττp

pWWp → pμνμνp
◆ Slepton mass measured via 

edge in proton c.o.m. 
◆ CompHEP+HECTOR 

tracking through magnet 
optics
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Table 4. Expected one-parameter limits for anomalous quartic vector boson couplings at 95% CL [12].

Coupling limits
R

Ldt= 1fb−1
R

Ldt= 10fb−1

[10−6 GeV−2 ]

|aZ0/!2| 0.49 0.16
|aZC/!2| 1.84 0.58
|aW0 /!2| 0.54 0.27
|aWC /!2| 2.02 0.99

Figure 10. Relevant Feynman diagrams for SUSY pair production with leptons in the final state: chargino
disintegration in a charged/neutral scalar and a neutral/charged fermion (left); slepton disintegration
(right) [12].

ergy (and large lepton acoplanarity) with low backgrounds, and large high-level-trigger efficiencies.
The two-photon production of supersymmetric leptons or other heavy non-Standard Model

leptons has been investigated in [57, 65–67]. The total cross-section at the LHC for the process
""→ l̃+ l̃− can be as large as∼ 20 fb (O(1 f b) for the elastic case alone), while still being consistent
with the model-dependent direct search limits from LEP [68, 69]. While sleptons are also produced
in other processes (Drell-Yan or squark/gluino decays), "" production has the advantage of being a
direct QED process with minimal theoretical uncertainties.

In [12], three benchmark points in mSUGRA/CMSSM parameter space constrained by the
post-WMAP research [70] have been chosen:

• LM1: very light LSP, light !̃, light #̃ and tan$=10;

• LM2: medium LSP, heavy !̃, heavy #̃ and tan$=35;

• LM6: heaviest LSP, light right !̃, heavy left !̃, heavy #̃ and tan$=10.

The masses of the corresponding supersymmetric particles are listed in table 5.
The study concentrates on the fully leptonic SUSY case only. The corresponding Feynman

diagrams are shown in figure 10. Signal and background samples coming from SUSY and SM
pairs were produced using a modified version of CALCHEP [54]. The following acceptance cuts
have been applied: two leptons with pT > 3 GeV/c or 10 GeV/c and |%|< 2.5. The only irreducible

– 21 –

Central Exclusive Production (CEP)

DOE Review   June 11, 2007J. Gronberg - LLNL

Physics Interests: SUSY  leptons may be directly 

observed using forward proton tags

• The direct slepton signal topology in 
the detector is di-lepton

– Not distinct enough for observation

– Indirect observation in other SUSY 
decays

• A fraction of events has intact 
protons

– Measuring the protons adds a great 
deal of info

• We can determine the impact point 

of the protons at the proposed 

Totem and FP420 detectors

– Position and angle measurement 

gives proton 4-vectors

– CM energy and boost of the event

– Analysis becomes similar to ILC, 

lepton energy endpoints

Totem FP420

L
E

P
 l
im

it 240m 420m

Can discover slepton and measure its mass



Slepton discovery possible with forward detectors

■ Proton tag efficiency
◆ Positive arm only 79%
◆ Negative arm only 73%
◆ Both 59%
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very little separation of signal from background. However, the two forward protons prescribe the
full kinematics of the central system and therefore provide a powerful means to reject background.

To assess the impact of proton tagging on CEP slepton detection, we use Comphep for the
theoretical prediction of photon-photon production of slepton pairs followed by Pythia for their
decay. We use HECTOR to track the diffractive protons through the machine optics near CMS
and into the forward detectors. For the initial studies we focused on smuon decay, since the CMS
trigger efficiency for muons is higher and can reach lower transverse momentum, than for electrons.
From the HECTOR simulations we determined that a significant number of smuon events (about
one per fb−1) would result in protons within the forward detector acceptance for smuon masses
below 100 GeV, as shown in Fig. 12. Since these events tend to be boosted along the beam
direction, detectors are required at both the 240 m and 420 m stations to get good coverage.

FP420 + 240

FP240 only

FP420 only

FP420 + 240

FP240 only

FP420 onlyFP420 onlyFP420 onlyFP420 only

FP240 only

Figure 12: The proton tagging efficiency as a function of smuon mass (left) and the expected
number of tagged events in 100 fb−1 (right).

Standard Model CEP production of exclusive WW pairs results in a background with exactly
the same topology as slepton pairs. Unless the slepton and neutralino masses happen to match the
W and neutrino masses, then the CEP WW background can be cleanly separated using kinematic
variables. This requires measuring the four-momenta of both outgoing protons in order to deter-
mine the center-of-mass energy in the CEP system on an event-by-event basis. Figure 13 shows
an example of how the signal and background can be separated kinematically for a specific SUSY
scenario. The CEP WW signal and smuon pairs were generated with Comphep and decayed with
Pythia.

To demonstrate the feasibility of smuon-pair detection in CMS, we have developed an ana-
logue analysis on dimuon events produced in photon-photon interactions. Unlike the search for
di-smuons, the dimuon analysis does not require new forward detectors and can be applied to the
existing LHC data samples. We have developed our analysis technique on simulations and have
completed the internal CMS review of our results [36].

What remains to be determined is the background contribution from random coincidences of
dimuon events in the central detector with unrelated forward protons. Real data from the LHC is
needed to determine this background. This background is dominated by pile-up events, where three
or more unrelated interactions occur in the same bunch crossing. The background is composed of
two interactions that produce one forward proton, and a third event that leaves tracks in the central
detector. These events can be separated from signal by requiring that the two protons and the
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proton displacement from beam
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Can capture the signal, next step is to 
complete background studies
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Figure 1: Sketch diagram showing the two-
photon production of a central system.
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Figure 2: Distribution of the transverse momen-
tum of the leading lepton for signal and back-
ground after the cut onW , �ET , and '& between
the two leptons.

second leading leptons at 25 and 10 GeV respectively, on �ET > 20 GeV, '& > 2.7 between leading
leptons, and 160 <W < 500 GeV, the diffractive mass reconstructed using the forward detectors,
the background is found to be less than 1.7 event for 30 fb−1 for a SM signal of 51 events. In this
channel, a 5 ( discovery of the Standard Model pp→ pWW p process is possible after 5 fb−1.

2. Quartic anomalous couplings

The parameterization of the quartic couplings based on [8] is adopted. We concentrate on the
lowest order dimension operators which have the correct Lorentz invariant structure and obey the
SU(2)C custodial symmetry in order to fulfill the stringent experimental bound on the ) parameter.
The lowest order interaction Lagrangians which involve two photons are dim-6 operators. The
following expression for the effective quartic Lagrangian is used

L 0
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−e2
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aW0
"2

Fµ*Fµ*W++W−
+ − e2

16cos2 ,W
aZ0
"2
Fµ*Fµ*Z+Z+
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−e2

16
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"2

Fµ+Fµ- (W++W−
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- )− e2

16cos2,W
aZC
"2
Fµ+Fµ-Z+Z- (2.1)

where a0, aC are the parametrized new coupling constants and the new scale " is introduced so that
the Lagrangian density has the correct dimension four and is interpreted as the typical mass scale
of new physics. In the above formula, we allowed the W and Z parts of the Lagrangian to have
specific couplings, i.e. a0 → (aW0 , aZ0 ) and similarly aC → (aWC , aZC).

The WW and ZZ two-photon cross sections rise quickly at high energies when any of the
anomalous parameters are non-zero. The cross section rise has to be regulated by a form factor
which vanishes in the high energy limit to construct a realistic physical model of the BSM theory.
We therefore modify the couplings by form factors that have the desired behavior, i.e. they modify
the coupling at small energies only slightly but suppress it when the center-of-mass energy W$$

3

Figure 16: Standard Model diagram for CEP production of WW .

Initially we can perform this analysis with the existing CMS detector as an extension of our
exclusive dimuon analysis, rejecting events that have evidence of the proton breakup at the edge of
the detector. With data collected in the next few years, this should provide a factor of 100 improve-
ment over previous limits on AGQCs set by the LEP experiments. Pileup from high luminosity
running will be the limiting factor, but can be greatly reduced by applying kinematic and timing
constraints using protons tagged by the HPS detectors. A direct measurement of the Standard
Model CEP WW signal should be achievable with 5 fb−1 integrated luminosity with the HPS2
detector system. In 2012 we will analyze and publish the limits based using the central CMS de-
tector system and estimate the performance using the HPS1 detectors, with follow up publications
in 2013 using the first data from HPS1.

Background measurement for slepton search

The Standard Model CEP WW leptonic decay signal results in a background for the slepton pair
analysis, since it has exactly the same topology: two leptons with missing energy. Unless the
slepton and neutralino masses happen to match the W and neutrino masses, then the CEP WW
background can be cleanly separated using kinematic variables.. The kinematics of the two final-
state leptons themselves provides very little separation of signal from background. However, the
two forward protons prescribe the full kinematics of the slepton system and therefore provide a
powerful means to reject background.

Under high luminosity conditions the dominant background for sleptons comes from a random
coincidence of three separate interactions within one bunch crossing: one event that produces
a muon pair in the central detector and two others that each produce a forward proton. This
background from randomly overlapping events can be reduced by requiring that the dimuon vertex
z position (along the beam direction) be consistent with the predicted z position from the tagged
protons. To do this requires that the proton detectors include precise time-of-flight measurements.
We are leading the development of the reference timing system for HPS and our hardware R&D
plan is discussed in Section 4.2.2.

Assuming a resolution of 20 ps on the time-of-flight measurement and the nominal bunch
length, we gain a factor of 1 in 24 rejection. This reduces the background cross section to 170 pb.
To further reduce the background we can also apply kinematic constraints derived from the mea-
sured protons as in the case of the CEP WW background. Prior to the installation of any forward
detectors, in 2012 we plan to estimate the effectiveness of this rejection by studying a surrogate

LLNL-PROP-468241

pWWp is both background and discovery channel

■ Cleanly separated from 
slepton pairs using kinematics

■ Can measure standard model
rate with 5 fb-1

■ Anomalous quartic-boson coupling 
sensitive to Higgsless, very heavy Higgs, 
other beyond SM physics

■ Standard WW measurement sensitive to 
triple-boson coupling which may not 
reveal the new physics

■ Can improve quartic coupling 
measurement by factor ~10,000 over LEP, 
all the way down to Higgsless models
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24

Figure 13: Comparison between CEP WW background (red) and smuon signal (green) using the

measured muon momentum and center-of-mass energy determined from the proton tags. We use

smuon mass = 118 GeV, neutralino mass = 98 GeV and 100% decay of smuon to muon plus

neutralino.
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Figure 19: Above: The contributions to the dimuon invariantmass spectrum from γγ production (empty histogram)
and Υ photoproduction (solid histograms) in the region 8 − 12 GeV/c2 scaled to a luminosity of 100 pb−1. No
cuts beyond HLT are applied.

fit sample is equal to that expected in 100pb−1, using the Starlight and LPAIR predictions. The resulting yields
and fit parameters are listed in Tables 9 and 10.

For this single fit, the yields returned by the fit for both the two-photon contribution and the Υ resonances are in
good agreement with the input values. The masses are ∼ 50MeV above the nominal PDG masses, with widths of
∼ 100MeV, dominated by the detector resolution.

Should the cross-section should be closer to the Phiti prediction (approximately a factor of 3 smaller), the Υ(1S)
should still be resolved with 100pb−1. However, it may be necessary to fix the means and widths of theΥ(2S) and
Υ(3S) resonances in the fit in order to extract their signal yields.

The significant number of events expected in the Υ sample may also allow studies of production dynamics; for
example the invariant momentum transfer |t| (approximated as p2T ) has been studied at HERA in J/ψ photopro-
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Figure 20: Fit to the Υ mass region for the number of elastic and inelastic two-photon and Υ photoproduction
events expected in 100 pb−1, with all cuts applied.
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Figure 14: Monte Carlo prediction of dimuon mass distributions after all analysis cuts [CMS pre-

liminary]. Distribution contains contributions from both continuum γγ and ϒ decays to dimuons.

central event originate at a common vertex. The continuation of these analysis efforts are described

in more detail in Section 4.2.1.
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photon production of a central system.
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Figure 2: Distribution of the transverse momen-
tum of the leading lepton for signal and back-
ground after the cut onW , !ET , and '& between
the two leptons.

second leading leptons at 25 and 10 GeV respectively, on !ET > 20 GeV, '& > 2.7 between leading
leptons, and 160 <W < 500 GeV, the diffractive mass reconstructed using the forward detectors,
the background is found to be less than 1.7 event for 30 fb−1 for a SM signal of 51 events. In this
channel, a 5 ( discovery of the Standard Model pp→ pWW p process is possible after 5 fb−1.

2. Quartic anomalous couplings

The parameterization of the quartic couplings based on [8] is adopted. We concentrate on the
lowest order dimension operators which have the correct Lorentz invariant structure and obey the
SU(2)C custodial symmetry in order to fulfill the stringent experimental bound on the ) parameter.
The lowest order interaction Lagrangians which involve two photons are dim-6 operators. The
following expression for the effective quartic Lagrangian is used

L
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where a0, aC are the parametrized new coupling constants and the new scale " is introduced so that
the Lagrangian density has the correct dimension four and is interpreted as the typical mass scale
of new physics. In the above formula, we allowed the W and Z parts of the Lagrangian to have
specific couplings, i.e. a0 → (aW0 , aZ0 ) and similarly aC → (aWC , aZC).

The WW and ZZ two-photon cross sections rise quickly at high energies when any of the
anomalous parameters are non-zero. The cross section rise has to be regulated by a form factor
which vanishes in the high energy limit to construct a realistic physical model of the BSM theory.
We therefore modify the couplings by form factors that have the desired behavior, i.e. they modify
the coupling at small energies only slightly but suppress it when the center-of-mass energy W$$
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Figure 2: Distribution of the transverse momen-
tum of the leading lepton for signal and back-
ground after the cut onW , !ET , and '& between
the two leptons.

second leading leptons at 25 and 10 GeV respectively, on !ET > 20 GeV, '& > 2.7 between leading
leptons, and 160 <W < 500 GeV, the diffractive mass reconstructed using the forward detectors,
the background is found to be less than 1.7 event for 30 fb−1 for a SM signal of 51 events. In this
channel, a 5 ( discovery of the Standard Model pp→ pWW p process is possible after 5 fb−1.

2. Quartic anomalous couplings

The parameterization of the quartic couplings based on [8] is adopted. We concentrate on the
lowest order dimension operators which have the correct Lorentz invariant structure and obey the
SU(2)C custodial symmetry in order to fulfill the stringent experimental bound on the ) parameter.
The lowest order interaction Lagrangians which involve two photons are dim-6 operators. The
following expression for the effective quartic Lagrangian is used
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where a0, aC are the parametrized new coupling constants and the new scale " is introduced so that
the Lagrangian density has the correct dimension four and is interpreted as the typical mass scale
of new physics. In the above formula, we allowed the W and Z parts of the Lagrangian to have
specific couplings, i.e. a0 → (aW0 , aZ0 ) and similarly aC → (aWC , aZC).

The WW and ZZ two-photon cross sections rise quickly at high energies when any of the
anomalous parameters are non-zero. The cross section rise has to be regulated by a form factor
which vanishes in the high energy limit to construct a realistic physical model of the BSM theory.
We therefore modify the couplings by form factors that have the desired behavior, i.e. they modify
the coupling at small energies only slightly but suppress it when the center-of-mass energy W$$

3

If LHC sees nothing, this can reveal new physics.
If LHC sees something, this can help explain it.



Dimuon analysis provides absolute luminosity measurement

■ Many CMS analysis are limited by lumi. uncertainty, e.g. W/Z 
cross section and SUSY search (due to W/Z+jet background)

■ Precision Lumi. Tracker system not ready until 2013 and only 
measures relative luminosity

■ Dimuon analysis can provide few % lumi measurement
◆ 7000 events/fb-1

◆ Must subtract contribution from single diffraction (if not proton tag)
◆ Pileup will reduce the efficiency and ultimately limit the precision
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sample of background events prepared by selecting inclusive dimuon events in data and combining
it with Monte Carlo simulations of the single-diffraction proton tags.

Luminosity measurement

The luminosity measurement is a limiting systematic in many LHC measurements. For instance,
the inclusive cross section measurement of W/Z bosons has low systematics due to the leptonic
final states and the luminosity error dominates. One of the main backgrounds in the low-mass
SUSY search is from W/Z plus jet events in which the boson decay is not detected. The relative
background rate is derived from the observed leptonic decay of the boson, but the absolute rate
depends on the measuring the actual luminosity.

The luminosity measurement is important enough that a new detector, the Precision Luminosity
Tracker (PLT) is under construction for installation in the 2012 shutdown. Prior to the availability
of this new detector, we can substantially improve the luminosity measurement in CMS by ex-
ploiting our exclusive dimuon analysis. Once the PLT does come online, it will require an external
absolute calibration, since it is only able to precisely measure a relative change in the luminos-
ity. Because CEP dimuon production is a nearly pure QED process, the theoretical uncertainty in
the luminosity measurement from dimuons is low, and so our measurement will also provide an
absolute calibration for the PLT.

With approximately 700 dimuon events expected in 100 pb−1, a statistical uncertainty on the
luminosity of about 4% could be achieved in the limit of no background [42]. With the loose event
selection we used previously, the precision of the luminosity studies will be limited by the uncer-
tainties on the substantial inelastic contribution. However, we can exploit the fact that within the
signal region the ∆pT and ∆φ shapes are more sharply peaked in the elastic events (Fig. 17). In
2011, we will apply a fit to these distributions to extract the luminosity measurement. Ultimately

7 Applications
Using the event selection described in the previous chapters, we discuss here the prospects for using these events
for luminosity studies, alignment of forward proton detectors, and Υ physics.

7.1 Luminosity studies
If the yield of elastic γγ → µ+µ− events can be extracted cleanly, it can be used for an absolute normalization
of the luminosity. With the ∼ 700 dimuon events expected in 100pb−1, a statistical uncertainty on the cross-
section of∼ 4% could be achieved in the limit of zero background; this is consistent with previous generator-level
studies [40].

With the loose event selection used here, the precision of the luminosity studies will be limited by the uncertainties
on the substantial inelastic γγ → µ+µ− contribution. However, we have not exploited the fact that within the
signal region the ∆pT and |∆φ| shapes are more sharply peaked in the elastic events (Figure 24). It should
therefore be possible to improve the luminosity measurement by performing a fit to these distributions.
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Figure 24: ∆pT (left) and |∆φ| (right) for γγ → µ+µ− events passing all selection criteria. The elastic (diagonal
lines) and singly inelastic (solid histogram) contributions are shown, scaled to an integrated luminosity of 100pb−1.

The low statistics of the γγ → e+e− sample make it impractical to use as a luminosity calibration sample.

7.2 Alignment of forward proton taggers
Sample γγ → µ+µ− γγ → e+e−

All events 709 67
≥ 1 proton at 420 m 280 39
≥ 1 proton at 220 m 5 4

Table 10: Number of events in which at least one proton is detectable at 220 m or 420 m, for an integrated
luminosity of 100pb−1.

The outgoing protons from the elastic events can be used to align near-beam forward detectors, as described in [9].
Starting from the sample of elastic γγ → µ+µ− events that pass all analysis cuts, we apply the FastSimula-
tion/ProtonTaggers package [48] to calculate the rate of protons within the acceptance of detectors located 220
m [40] and 420 m [41] from the IP. For these studies, we have used the package defaults, in which the detectors at
220 m are assumed to be displaced from the beam position by 1.3 mm, while for the detectors at 420 m a displace-
ment of 4 mm is assumed. The resulting number of events in 100pb−1 in which at least one of the two protons
is detectable is shown in Table 10. The number of events in these alignment samples are consistent with previous
generator-level studies done for FP420 [49].
Approximately 40% of the dimuon events are expected to have at least one detectable proton at 420 m, if the

20

Figure 17: ∆pT (left) and |∆φ | (right) distributions for γγ → µ+µ− events passing all selection
criteria. The elastic (hatched) and inelastic (solid) contributions are shown, scaled to an integrated
luminosity of 100 pb−1.
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1.4 Exclusive dileptons
Here we consider events with a single back-to-back µ+µ−

or e+e− pair and no significant addi-

tional activity in the detector, see Hollar 2008 CMS Note [3]. These are produced from a nearly

pure QED process (Fig. 1) or photoproduction of an Υ resonance (Fig. 2).

1.4.1 QED process

1 Motivations for exclusive γγ → "+"− and γp → Υ → "+"−

Exclusive dilepton production, in which a lepton pair is produced while the beam protons remain intact and escape
undetected along the beam line, is a signature of photon exchange processes. In CMS, two physics processes
contribute to this signature: two-photon exchange, in which a non-resonant lepton pair is produced through a
γγ interaction, and photoproduction, in which a qq meson that decays into lepton pairs is produced through γp
interactions. While these result from different physics signatures, their experimental signatures are very similar; a
common selection can therefore be used to select both types of events.5A

1.1 γγ physics
The elastic two-photon production of dilepton pairs (Figure 1) is a nearly pure QED process with a well known
production cross section. Although two-photon interactions have traditionally been studied in e+e− experiments,
dilepton production has also been studied in ep [1, 2, 3, 4] and heavy ion collisions [5, 6]. It has recently been
observed for the first time at CDF in pp interactions [7].

Figure 1: Feynman diagram for elastic (left) and singly inelastic (right) two-photon production of dileptons.

Due to the high luminosity of the LHC, a large number of these dilepton events will be produced and reconstructed
each year, even in the initial low luminosity (L = 1032 cm−2 s−1) phase of running. Such events can be used to
monitor the integrated luminosity collected by CMS, and for studies of lepton reconstruction and identification. At
higher luminosities, these events will serve as a control sample for studies of supersymmetric leptons [10, 11, 12,
13] and other non-Standard Model physics [14, 15, 16] produced in γγ interactions. Furthermore, if the energy
of the dilepton final state is well measured in CMS, simple kinematics give the true forward proton energy. This
process can therefore be used to calibrate forward tracking detectors [9]. There will also be a significant rate of less
theoretically clean inelastic two-photon interactions (Figure 1) in which one or both of the protons disassociate 1).

The total cross-section for elastic γγ → �+�− production is expected to be large at the LHC, on the order of 7.1mb
for the e+e− final state and 0.2 µb for µ+µ−. However, the lepton spectrum is peaked at small values of transverse
momentum and falls off rapidly, as seen on Figure 3. Hence, excellent electron reconstruction is essential down
to very low peT values. In order to retain the largest possible fraction of dilepton events, low trigger thresholds are
also desirable.

1.2 γp physics

Figure 2: Dilepton pair from the decay of a photoproducedΥ.

1) In this paper we refer to this process as “inelastic”, following the convention used in the literature on two-photon physics.
In papers on photoproduction or diffraction the term “dissociative” is commonly used.

2

Figure 1: Feynman diagram for two-photon production of dileptons: elastic (left) and singly in-

elastic, which is sometimes called “dissociative,”(right).

The QED produced events can be used to:

• monitor the integrated luminosity collected by CMS

• study lepton reconstruction and identification

• provide control sample for supersymmetric leptons or other non-colinear dilepton search

• calibrate forward detectors, since kinematics of protons must agree with dileptons

There will also be a significant rate of less theoretically clean inelastic two-photon interactions

(Fig. 1) in which one or both of the protons disassociate. Expected event selection results for

100 pb
−1

at 14 TeV are given in Table 4.

Table 4: Total cross section before selection and expected signal after all cuts using only central

CMS for 100 pb
−1

at 14 TeV. These events can be used to calibrate the forward detectors, so the

expected number of proton tags seen at 220 m and 420 m is also given.

elastic σtot LPAIR σ (pb) Events

≥ 1 proton

at 420 m

≥ 1 proton

at 220 m

µ+µ−
0.2 µb 74.7 (pt > 2.5 GeV) 709± 27 280 39

e+e− 7.1 mb 10.4 (pt > 5.5 GeV) 67± 8 5 4

inelastic

µ+µ−
76.2 (pt > 2.5 GeV) 223± 15± 42(model) with ZDC & Castor veto

636± 25± 122(model) without

e+e− 13.6 (pt > 5.5 GeV) 31± 6± 6(model) with ZDC & Castor veto

82± 9± 15(model) without

Check

e+e-

σ=7.1mb

given on

p2

UCRL-TR-
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σ=7.1mb

given on
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Valuable luminosity measurement, even before forward proton tags

signal

background 
(single diffraction)

100 pb-1100 pb-1



Pileup becomes the problem, fast timing is a solution

■ Eventually multiple-events per crossing makes “empty detector” cuts 
ineffective.
◆ Vertexing within the event helps
◆ Proton tag provides z position

■ Triple coincidence involving two single-diffractions becomes a problem
◆ 20ps resolution gives factor 24 rejection

■ At max luminosity multiple proton tags per crossing becomes a problem
◆ Reject with more precise and accurate (absolute) timing reference
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di-smuon signal 
with pileup

Drell-Yan di-muon 
background with fake 
double proton tag

Precision timing of protons is critical to forward detector upgrade



■ Original plan: Detectors installed at 240m (420m) in 2012 (2016) shutdown

High Precision Spectrometer (HPS) is on track for CMS 
upgrade in 2013 shutdown

11CMS approved R&D project, construction follows demonstrations

Forward detectors
420m 240m

420m is in the cold section of the LHC
Modify LHC Arc Termination Modules
for cold-to-warm transition so detectors can
be at ~ room temperature

Each station consists of: Silicon tracking 
and Cherenkov timing detectors
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Test Beam 

proton 

QUARTIC 

Movable beam pipe 
houses 3-D silicon and 
timing detectors 

New connection cryostat 
with integrated movable 
beam pipe houses 3-D  
silicon and timing detectors 

Timing detectors to reject 
background where  protons and 
central system come from different  
interactions in same bunch crossing 

1 Cryostat (warm-cold transition) 
2 Support table for movable beampipe 
3 Detector station 
4 Vacuum valve 

January 12, 2010 Andrew Brandt  SLAC  Seminar 
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LLNL leads development of timing system for 
forward detectors (HPS)

■ Leverage system developed as 
trigger for LCLS detectors
◆ RF cable with feedback to keep 

clocks at each end in sync
■ Addressing CMS request for 

system demonstration:
◆ LHC safety qualification
◆ Signal stability for max length of 

500 m 
◆ Design and prototype for LHC 

frequency
◆ Time resolution with proton 

detector signals
◆ Time resolution with CMS high-

rate TDCs
12
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LLNL terahertz oscilloscope solves multiple proton 
detection problem for HPS

■ Optical time-stretcher permits 1 ps 
time resolution
◆ Chirped laser pump pulse on non-linear 

mixing crystal acts like a lens
◆ Demonstrated factor of 100 time stretch 

and 0.75 ps resolution
■ CMS R&D plan: couple with proton 

detectors and design pump laser for 
LHC pulse structure

13Unique LLNL technology developed from DARPA, NNSA, LDRD funding

Engineer John Heebner of the Engineering 

coupled. The more temporal resolution we 
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with an optical streak camera, the system achieves a 20
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■ Next big thing: G4LEND 
(Low-energy Nuclear Physics from Data)
◆ Data-driven nuclear physics directly from nuclear evaluations
◆ Collab. with SLAC, LLNL providing new format, interface, and all data
◆ Enables background studies in LHC: low-energy neutrons, accel. background

LLNL provides Geant4 capabilities for HEP

■  Open-source physics modules: built-in/add-on Geant4
◆ http://nuclear.llnl.gov
◆ Official Geant4 collaborators

14Delivered by HEP physicists at LLNL, funded outside of OHEP

CRY: Cosmic-ray showers RadSrc: Gamma-ray emission Fission multiplicity

DHS 
funded

NNSA + 
ARRA
funded



OHEP/LLNL partnership enhances the physics 
output of CMS

■ Ongoing contributions
◆ Discovery physics channels: sleptons and quartic boson coupling
◆ Luminosity measurement from exclusive dimuons
◆ Multi-core computing R&D and CMS reconstruction coordinator
◆ Forward proton detector reference timing system for physics upgrade
◆ Terahertz oscilloscope technology
◆ Geant4 simulation capabilities

■ Joined CMS in 2005
◆ 2 post-docs
◆ 3 senior scientists
◆ Software-development tools coordinator
◆ High-level trigger commissioning
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Proposed work: First run, analyze 

SM dileptons for luminosity

• Photon-photon production of leptons is a theoretically clean 
luminosity measurement

– Dimuons / fb-1: 2.9K exclusive - 29K inclusive at HLT

– CDF used calorimeter veto for identification

– New algorithms needed to handle pileup at LHC

• Direct analog of smuon production and same final state

• Dilepton analysis can dead reckon smuon search reach
– Measure production rate

– Measure forward tag efficiency

– Benchmark general SM dimuon backgrounds

• Publish in Phys Rev, Standard Model dimuon analysis, 
slepton trigger design

SUSY diagram SM dimuon diagram

SM dimuon signal

General dimuon background


